The Cullin-RING E3s are multisubunit ubiquitin ligases composed of a scaffold protein known as Cullin, a RING finger protein that regulates diverse cellular pathways; however, their contribution to male gonad development, especially the spermatogenesis of the Chinese mitten crab (Eriocheir sinensis), is not well understood. We identified five evolutionarily conserved Cullins from the transcriptome and genome of E. sinensis that are potentially involved in regulating male gonad development. The aim of the current study was to determine the mechanisms of Cullin4's effects on spermatogenesis. We observed that Cullin4, p53, and proliferating cell nuclear antigen had a specific expression and localization in primary spermatocytes. We also investigated the accumulation of Cullin substrates by treatment with inhibitor of NEDD8-activating enzyme MLN4924 in vitro. Cell cycle inhibitors p27 and p21 accumulated significantly after 24 and 36 h, respectively. We speculated that p53-mediated spontaneous germ cell apoptosis acts as a quality control mechanism to eliminate defective germ cells and that the Cullin4 complex maintains p53, p21, and p27 homeostasis in primary spermatocytes to regulate spermatogenesis of E. sinensis. Given its widespread evolutionary conservation, Cullin4 may regulate germ line development similarly in other organisms.
INTRODUCTION
The ubiquitin-proteasome system plays a fundamental role in the control of numerous cellular processes, including cell cycle progression, gene transcription, signal transduction, proliferation, and differentiation [1] . An enzymatic cascade of three enzymes-the ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin-ligase (E3)-mediates the attachment of ubiquitin to substrate proteins, either to alter their functions nonproteolytically or, more commonly, to promote their degradation by the 26S proteosome [2, 3] . The paramount regulatory step in the cascade is the selective recognition of substrates, which is achieved by the E3-ligase. The Cullin-RING ubiquitin ligases (CRLs) make up the largest class of E3 enzymes, which are conserved from yeast to humans. A recent estimate suggested that 20% of all proteins subject to proteasomal degradation were targeted by CRLs [4] . Cullins are evolutionarily conserved from yeast to mammals: there are at least five Cullin family members conserved in all metazoans, three Cullins in yeast, and six in Caenorhabditis elegans and Drosophila melanogaster (CUL1-6) [5, 6] , and humans encode multiple Cullins (CUL1, CUL2, CUL3, CUL4A, CUL4B, CUL5, and CUL7) and Cullin-like proteins (PARC and APC2) [7] [8] [9] [10] .
Each Cullin scaffold nucleates multiple E3-ligase complexes that all contain a similar catalytic core but use different substrate recognition modules to engage their cognate substrate(s) [11, 12] . The substrate specificity of Cullin-based E3 complexes is generally achieved through a variety of substrate recognition adaptors that may be differentially available in different cell types [7, 13, 14] . Recently, Cullin RING E3-ligases nucleated around Cullins 1, 3, and 4 have been investigated extensively. The founding member of the CRL family, Cul1 as a component of the Skp1, Cullin, F-box containing complex, was first identified in budding yeast, where its mutation blocks the G1-to-S transition [15] and leads to an accumulation of G1 cyclins [16] . It was separately identified in C. elegans, where loss of Cul1 function caused hyperplasia of multiple tissues [5] . Cullin3-based E3 ubiquitin ligase complexes were implicated previously in various biological processes, including cell cycle control [17, 18] , and are required for caspase activation during sperm differentiation in Drosophila [19] . Cul4 silencing by RNAi in C. elegans resulted in DNA rereplication in blast cells and caused male germ cells undergo premature spermatogenesis [20] . Cul4A functions in murine spermatogenesis and germ line deletion of Cul4A led to male infertility [21, 22] . However, many details of Cul4's regulatory mechanisms in reproductive development remain obscure. Specifically, there is remarkably little insight into the involvement of Cul4 in the regulation of spermatogenesis in Eriocheir sinensis.
The process of differentiation of a simple diploid spermatogonium into a spermatid is known as spermatogenesis, which involves both mitotic and meiotic divisions and extensive cellular remodeling, including DNA replication and DNA packaging [23] [24] [25] . A variety of DNA repair and DNA damage response pathways operate in male germ cells and recent studies examining male infertility have indicated that DNA damage checkpoints occur during spermatogenesis and may also involve excision repair genes, mismatch repair genes, and p53 [26] . If DNA damage is not repaired or tolerated, the cells that harbor the damage are removed by the apoptosis pathway. In mammalian spermatogenesis, DNA damage-induced apoptosis is p53 dependent, although elimination of spermatocytes with synaptic errors appears to be p53 independent [27] . Transcriptional activity of the p53 gene is elevated in the highly proliferating testicular tissue [28, 29] , and high levels of testicular p53 protein are found in germ cells, especially in the tetraploid primary spermatocytes [30, 31] . These results suggested that p53 plays a role in the low-level DNA damage-dependent premeiotic checkpoint and contributes to the efficiency of DNA repair, which in turn ensures the maintenance of cellular integrity and appropriate quality in spermatogenesis.
Neddylation of the Cullin structural subunit causes a conformational change that induces enzymatic activity, leading to the ubiquitination of target proteins [32] . NEDD8 activates the large family of CRLs [8, 33] . The Nedd8-activating enzyme (NAE) inhibitor MLN4924, which inhibits protein neddylation, was discovered as the first anticancer agent in this class by high-throughput screening [4, 34] . MLN4924 rapidly eliminates CRL neddylation, leading to CRL substrate accumulation and DNA rereplication during S phase before cancer cell apoptosis [4] . MLN4924 blocks Cullin neddylation and inhibits CRL activity, which leads to the accumulation of multiple CRL substrates, including cell cycle inhibitors such as p21 and p27, leading to cell cycle arrest at different phases, in a cell linedependent manner [35] [36] [37] [38] . However, there is little information concerning how CRLs signaling regulates the level of cell cycle inhibitors such as p21 and p27 in E. sinensis.
The Chinese mitten crab (E. sinensis) is an important commercial aquatic species that is widely bred in China. It has been a gastronomic favorite of consumers for centuries. Over the last two decades, this species has been used as a model to study crustacean spermatogenesis [39] [40] [41] [42] [43] [44] [45] [46] . Mammalian spermatogenesis is a complex and highly orchestrated process that transforms spermatogonia into mature male gametes, the spermatozoa. Unlike mammals, mitten crabs are a seasonally breeding species and need breeding migration to move to a different habitat for reproduction, which indicates that it requires more complicated environments to induce mating and spawning and that there must be unique regulatory mechanisms involved in crustacean reproduction [47] . The molecular mechanisms underlying Chinese mitten crab reproduction remain unclear. In the current study, we first identified that there were five Cullin members in the genome of E. sinensis, and both the Cullin domain and the regulatory mechanism were evolutionarily conserved. Phylogenetic analysis not only provided strong evidence to support the classification and naming of Cullin family members but also elucidated the relationship among the five members. In addition, we explored Cul4's functions in crab spermatogenesis and showed that Cul4, p53, and proliferating cell nuclear antigen (PCNA) exhibit a phase-specific expression pattern and intensity of testis in different development stages. Our work highlights the possibility that the CRL4 complex is modified by neddylation as a master regulator of DNA replication licensing or sperm quality control, and during spermatogenesis, p53 induces cell cycle arrest to allow DNA meiotic reshuffling and correction of DNA damage. The results obtained in this study confirmed several well-established theories in the field but also provided some novel perspectives.
MATERIALS AND METHODS

Animal and Tissue Preparation
Healthy, sexually mature male E. sinensis (100-150 g) were obtained from a commercial crab farm (Caojing Town special aquaculture farm in the Jinshan District near Shanghai, China). We obtained five apparently healthy crabs every month during July, August, September, October, November, and December 2014 and January 2015, respectively. Crabs were placed in an ice bath for 3-5 min until lightly anesthetized before euthanization. The following 10 tissues from five different individuals obtained in September 2014 were removed surgically and frozen in liquid nitrogen immediately for storage at À808C before nucleic acid and protein extraction: gill, muscle, stomach, intestine, ovary, testis, seminal vesicles, and accessory glands. Fresh testes from samples taken in August were fixed in Bouin fixative. The fixed tissues were dehydrated through a graded series of ethanol, infiltrated, and then embedded in paraffin blocks for histological studies. Specimens were serially sectioned at a thickness of 6 lm. Sections were processed for routine hematoxylin and eosin (H&E) staining, immunohistochemistry (IHC), and immunofluorescence (IF) and examined under a light microscope (DM4000B; Leica).
Sequence Retrieval
The data for the genes of the Cullin family (Cullin1, Cullin2, Cullin3, Cullin4, and Cullin5) were obtained from genomic data (;439.3 Gb) of E. sinensis, which were sequenced on the Illumina HiSeq 2000 platform (Li and Wang, unpublished data) and evaluated via transcriptome data [46] . To ensure the accuracy of these sequences, the preliminary Cullin family gene sequences were used to design primers to clone the full-length cDNA sequence E. sinensis Cullin family genes.
Structural Characterization of Cullin Family Genes
Gene organizations (intron/exon boundaries) were predicted by the Genscan software (http://genes.mit.edu/GENSCAN.html) [48] and determined by comparing Cullin family cDNAs with genomic sequences. The conserved domains of Cullin family proteins were identified using the Simple Modular Architecture Research Tool (SMART; http://smart.embl-heidelberg.de) [49] . The schematic diagrams of the gene organizations and domains of the Cullin family were constructed according to the predicted results. The Basic Local Alignment Search Tool program in the National Center for Biotechnology Information (NCBI) database was used to search for sequences similar to the deduced amino acid sequences. Identities of amino acid sequences among Cullin family members or between different species were calculated using the Clustal Omega program (http://www.ebi.ac.uk/Tools/msa/clustalo), and a multiple alignment was obtained using the ClustalW2 program (http://www. ebi.ac.uk/Tools/msa/clustalw2).
Full-Length cDNA Cloning of Cullin Family
RNA extraction and first-strand cDNA synthesis was performed as described previously [44] . The Cullin family partial cDNA sequence was extended using 5 0 and 3 0 rapid amplification of cDNA ends (RACE) using a SMARTer RACE cDNA Amplification kit (Clontech) and gene-specific primers (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org) designed on the basis of the testis transcriptome library from E. sinensis [46] . Using a Mastercycler gradient thermal cycler (Eppendorf), PCR reactions were performed in a final volume of 25 ll, containing 2.5 ll of 103 PCR buffer, 2 ll of 10 mM dNTP mix, 2 ll of Universal Primer A Mix (Clontech), 1 ll of 10 mM gene-specific primer, 1 ll of first-strand cDNA (800 ng/ll) synthesized as template, 0.2 ll of Ex Taq HS DNA polymerase (Takara), and 16.3 ll of sterile deionized water. The PCR program comprised 948C for 5 min; 30 cycles of 948C for 30 sec, 588C for 30 sec, and 708C for 30 sec; and a final elongation step at 728C for 10 min. Appropriately sized PCR products were separated on a 1.2% agarose gel. Amplicons of the expected sizes were purified using a Wizard SV Gel and PCR Clean-Up System (Promega) and inserted into the pMD19T vector (Takara). Positive clones containing inserts of the expected size were sequenced using T7 and SP6 primers (Supplemental Table S1 ).
Phylogenetic Analysis
To explore the evolutionary position of the Cullin family of E. sinensis among vertebrates and invertebrates, especially the phylogeny of Cullin 4, 49 sequences from four classes were selected, including Nematoda, Crustacea (only E. sinensis; no other species was found in the NCBI database), Insecta, and Mammalia. Protein multiple sequences were aligned using MUSCLE in the MEGA 6 package [50] . The conserved regions of the protein sequences were predicted by Gblocks 0.91b software [51] , with gaps being treated as missing data. Before the phylogeny analyses, the WAG protein substitution matrices were identified as the best-fit evolutionary models, as estimated by the ProTest1.4 program [52] . Subsequently, a phylogenetic tree was constructed using MrBayes 3.1.2 with Bayesian inference (BI) methods [53] . For BI analyses, four independent Markov chains of 1 million generations were run and were stopped when the standard deviation of the split frequencies was ,0.01. Additionally, the first 25% of generations were treated as burn-in, and the best tree was chosen from 1000 trees.
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Quantitative Real-Time Reverse Transcription PCR Quantitative real-time reverse transcription PCR (qRT-PCR) using SYBR green (Takara) was performed as described previously [44] . Samples were run in triplicate and normalized to the expression level of the endogenous housekeeping gene b-actin. Cullin family expression levels were calculated by the 2
ÀDDCt comparative CT method [54] . Gene-specific primers (Supplemental Table S1 ) were designed on the basis of the cloned full-length cDNAs of the Cullin family to produce 150-250 base-pair (bp) amplicons, and primer positions were chosen in the first 1000 bp because the comparison among the cloned E. sinensis Cullin family nucleotide sequences showed that the lowest homology and conservation was in the first 1000 bp (data not shown).
Antibody Specificity
Based on the high homology (.86%) of antigen sequence alignment with human sequences (Supplemental Fig. S1 ), we purchased the anti-Cul1, Cul3, and Cul4 rabbit polyclonal antibodies (ab75817, ab75851, and ab76470, respectively; Abcam). To test the antibody specificity against the Cul4 protein of E. sinensis, Western blotting was performed using testis total protein from different developmental stages of E. sinensis (Supplemental Fig. S2B ).
Immunoblotting with the anti-Cul4 antibody showed that the antibody recognized a single protein of the appropriate molecular weight (92 kDa; arrow), which demonstrated the specificity of the antibody. The negative control for this experiment contained all the components of the test samples except that the primary antibody was replaced with TBS. The control showed no specific labeling in tissues containing the protein (Supplemental Fig. S2C ). The specificities of the other antibodies were tested in the same way (data not shown). The Cul4 rabbit polyclonal antibodies were then used in the following experiments.
SDS-PAGE Analysis and Western Blotting
Total proteins were extracted from various tissues of adult E. sinensis and from testis at different developmental stages, according to instructions of the manufacturer of the RIPA Lysis Buffer (Beyotime). Standard procedures were used for SDS-PAGE and Western blotting, as previously described [44] . The following antibodies were used in this study: primary antibodies were directed against Cul1 (ab75817; Abcam), Cul3 (ab75851; Abcam), CUL4 (ab76470; Abcam), PCNA (R1306-5; Huabio), P53 (sc-6243; Santa Cruz Biotechnology), P21 (sc-397; Santa Cruz), P27 (sc-528; Santa Cruz), a-tubulin (R130901; Huabio), and b-actin (R120705; Huabio); secondary antibodies against rabbit or mouse conjugated to peroxidase were purchased from Abcam. Blots were visualized using the cECL Western Blot Kit (CWBIO), as described by the manufacturer, and images were obtained by CCD imaging.
Microscopy, IHC, and IF
IHC and IF analysis were performed using the Histostain-Plus kit (ZSGB-BIO), according to the manufacturer's protocol. Bouin-fixed sections were used for H&E staining, IHC (CUL4), and IF (CUL4, PCNA, and a-tubulin) assays, and frozen sections were used for IF of CUL3. The sections were immunostained with rabbit primary monoclonal antibodies (CUL3, CUL4, PCNA, and a-tubulin) and incubated overnight at 48C. After washing the slides three times with PBST, the sections were incubated with a goat FITCconjugated anti-rabbit secondary antibody (1:50) for 1 h at 378C. Thereafter, the sections were stained with 4,6-diamidine-2-phenylidole-dihydrochlo-ride (DAPI) and observed under a fluorescence microscope (Leica).
Statistical Analysis
Statistical analysis was performed using SPSS software (version 11.0). Data are presented as the mean 6 SE. Statistical significance was determined by one-way analysis of variance and post hoc Duncan multiple range tests. Significance was set at P , 0.05.
RESULTS
Identification of Cullin Family cDNAs
According to the integration of genomic data, transcriptome data, and 5 0 and 3 0 RACE-PCR, the nucleotide and deduced amino acid sequences of Cullin family cDNAs from E. sinensis were obtained. The Cullin family open reading frame (ORF) cDNAs (Cullin1, Cullin2, Cullin3, and Cullin5) were 2391, 2238, 2484, and 2289 bp, respectively, which encoded four predicted polypeptides of 796, 745, 827, and 762 aa. The Cul4 cDNA comprised a 2373-bp ORF encoding a 790-aa polypeptide, which was identical to the protein identified in a previous study [44] . A multiple alignment of Cullin family amino acid sequences from E. sinensis was prepared using ClustalW (Supplemental Fig. S3 ), which indicated that the homology between the five Cullins was very low. Additionally, 83 aa (marked in red) was unique to Cul3 in the Cullin family multiple alignment (Supplemental Fig. S3 ). The result of an alignment of Cul3 sequences from six different species showed that this sequence was unique to E. sinensis Cul3 (Supplemental Fig. S4 ), which indicated that the Cul3 gene might show species-specific functions, especially in E. sinensis.
Characterization of Cullin Family Structures
By comparing the Cullin family cDNAs with the corresponding genomic sequences, coupled with the Genscan program, the organization of Cullin family genes was illustrated ( Fig. 1B; the GenBank accession numbers of Cullin1, Cullin2, Cullin3, Cullin4, and Cullin5 are KU175339, KU175340, KU175341, KU175342, and KU175343, respectively). The Cul1 gene was located within a 14 094-bp genomic fragment with 18 coding exons. Notably, the whole of first exon was translated not into protein but into the 5 0 untranslated region. The Cul2 gene was located within a 17 381-bp genomic fragment with 15 coding exons, and the Cul4 gene was located within a 18 264-bp genomic fragment with 13 coding exons. By comparison, the Cul3 gene was the shortest and Cul5 the longest, and these were 5225 bp (nine exons) and 26 394 bp (13 exons), respectively. Compared with each of the Cullin family genes, only the first exon of the Cul1 gene was not translated into protein. The SMART program was used to predict the functional domains of Cullin family proteins (Fig. 1A) . The result showed that several exons encoded the Cullin homology (CH) domain and neddylation site of each Cullin family protein in the carboxyl (C)-terminal. For example, in the Cul1 gene, exons 11-14 encode the CH domain, and exon 17, together with exon 18, encodes the neddylation site (Fig. 1B) . In contrast to other members of the Cullin family genes, in the Cul3 gene, the neddylation site was encoded by only one exon (exon 9).
Similarity of Cullin Family Genes from Different Species and Phylogenetic Analysis
The analysis of the similarity of Cullin family amino acid sequences was prepared by the Clustal Omega program, encompassing representatives of various species, including nematode, Chinese mitten crab, insects, rat, and primates (Supplemental Table S2 ). The results showed that Cullin family members of E. sinensis shared low sequence similarity with each other. For example, among the five sequences, the Cul3 shared the highest (39.34%) sequence identity with Cul4; in contrast, the lowest sequence identity was 25.80% between Cul3 and Cul5 (Supplemental Table S2 -1). However, the crab Cullin family shared sequence similarity with other species for each isoform. Crab Cul1 showed approximately 76.75% sequence identity with mammalian Cullin1 and 79.59%-80.75% similarity with insect Cullin1s (Supplemental Table  S2 -2). In brief, similarity was much higher among different species within the same Cullin isoform than among different isoforms in E. sinensis. In addition, crab shared higher similarity with insects than mammals and shared the lowest similarity with Nematoda. In the analysis of Cul4 isoforms,
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crab demonstrated high identity with both Cul4A (63.37%) and Cul4B (61.86%-62.02%) from mammals, especially Cul4A (Supplemental Table S2 -5). With respect to Cul5 isoforms, the identity between crab and insects was almost the same as Table S2 -6) .
In order to investigate the origin of the Cullin family and the relationship among five different Cullin members of E. sinensis and other species, the phylogenetic tree of the Cullin family was constructed using BI methods and included Nematoda, Crustacea, Insecta, and Mammalia family members (Fig. 2) . The result was very well supported and demonstrated the recognized classification of animal Cullins into five main orthologous groups, including Cul1, Cul2, Cul3, Cul4, and Cul5. For five of those groups, the ancestors of the Cullin family were divided into two major branches. Cul3 and Cul4 isoforms were grouped together as sister groups, forming one branch (Figs. 2 and 3C) . With respect to the other major branch, the Cul5 isoform was the basally diverged clade, and Cul1 was the sister group of Cul2, indicating that Cul5 originated before the split of the Cul1 and Cul2 isoforms. Additionally, the Cullin family members of E. sinensis were all correctly divided into the five orthologous groups, indicating that our nomenclature of these E. sinensis genes (including the term ''Cullin'' plus a consecutive number) was correct. In the phylogeny analyses of each of the five groups, consistent with the results of the sequence identity between the different species, nematodes were located in the basally clade; crabs were clustered with the insects first and then formed a sister group with other vertebrate Cullins. For the Cul4 clade, Cul4A and Cullin4B isoforms from humans and mouse were separate into two independent groups on the basis of genotype rather than species.
Temporal Expression Profile and Distribution Pattern of Cullin Transcript Levels
To investigate the level of Cullin mRNA expression, qRT-PCR was performed to characterize the expression profiles of Cullins in eight tissues of E. sinensis, including gill, muscle, stomach, intestine, ovary, testis, seminal vesicles, and accessory gonad (Fig. 3A) . Our findings indicated that Cul3 was significantly expressed in the ovary compared with other members of Cullin family and other tissues. To be specific, Cul3 mRNA was expressed in the ovary up to twice as highly as Cul4 and three times as highly Cul2. The mRNA expression pattern was conserved among the Cullin family, with high expression in the muscle but low in the gill, stomach, intestine, and seminal vesicles tissues. Conversely, Cul4 was significantly enriched in gonad tissue, except for the seminal vesicles, relative to other members of the Cullin family. The tissuespecific differences in gene expression might represent polymorphism among individuals [55] .
Having detected tissues-specific expression of Cullins, we next investigated whether Cullins were involved in spermatogenesis and quantified the relative expression levels at different testis developmental stages (Fig. 3B) . The expressions of Cul1 and Cul3 were observed at the beginning of the spermatocyte stage (July-August), and although the levels declined dramatically, they remained elevated into the sperm stage (January). Notably, Cul4 was highly expressed in the spermatocyte stage of E. sinensis (July), then declined to the lowest expression level at the sperm stage (December) but significantly increased to peak expression in January. The expressions of Cul2 and Cul5 did not show developmental variation.
The
We postulated that the expressions of Cul1 and Cul3 might have a similar patterns of alteration based on the qRT-PCR data (Fig. 3B ). Western blotting with whole lysates from different tissues of male crabs revealed the same phenomenon as was observed for the Cul3 and Cul4 mRNA (Fig. 4) . This result was somewhat surprising because there had been no previous reports of tissue-specific expression of different Cullin isoforms with distinct functional properties in E. sinensis. We observed that both Cul3 and Cul4 were expressed predominantly in testis and stomach; however, Cul1 expression was low in the testis (Fig. 4) while high in the heart (Fig. 4) . To determine whether Cul3 and Cul4 were stage-specifically expressed, the levels of Cul3 and Cul4 in different testicular development stages were studied by Western blotting (Fig. 5 ). Cul3 and Cul4 expression started to increase and peaked in primary spermatocytes and gradually declined afterward (Fig.  5) .
The Localization and Dynamic Expression of Cul4 During Spermatogenesis
Testicular development and staging are generally based on the relative proportions of male gamete cell type in E. sinensis [45] . H&E staining was used to visualize the testicular morphology of various structures in August (spermatocyte stage) (Supplemental Fig. S5A ), and seminiferous tubules at various stages were evident in sections from the testes. Previous studies showed that knocking down only Cul4 in C. elegans and Cul4A in mice led to premature entry into spermatogenesis and infertility, respectively [20] [21] [22] ; therefore, we investigated whether Cul4 was also involved in crab spermatogenesis. First, we examined the expression of Cul4 at multiple time points during the first round of spermatogenesis, using IHC and IF with antibodies against Cul4 (Supplemental Fig. S5 , B and C). Consistent with the high mRNA level expressed in the early stage of the testis (Fig. 3B) , the Cul4 protein level was localized primarily in the cytoplasm of developing sperm cells (Supplemental Fig. S5, B and C) . However, weak signals in the tubule lumen or spermatozoa regions were observed.
Previous studies demonstrated that the testes of E. sinensis comprise numerous seminiferous tubules, with spermatogonia usually lying directly on the basement membrane, followed by primary spermatocytes, secondary spermatocytes, and spermatids, as they progress toward the tubule lumen [45] . Cul4A was detected predominantly in primary spermatocytes of mice, but Cul4B exhibited high expression in differentiated spermatogonia [22] . Given that E. sinensis has only one Cul4 gene [44] , we were curious to investigate the distribution of Cul4 during spermatogenesis. As seen in Figure 6 , Cul4 expressing cells showed a cytoplasmic distribution with high levels of fluorescence in the perinuclear region and at the cell periphery, which was similar to the expression pattern of a-tubulin, which served as the positive control in both spermatogonia and primary spermatocytes (Fig. 6, A and B) . Cul4 expression started to decline in secondary spermatocytes after the first division of meiosis (Fig. 6C ) and then gradually increased in acrosomal vesicles when gametes become committed to the spermatid with a nuclear cup (Fig. 6D) .
The expression and location of Cul3 was further confirmed by IF staining and was significantly expressed and localized at the cytoplasm of primary spermatocytes. The Cul3 IF signal 
WANG ET AL.
also appeared in the basal lamina of seminiferous tubules and acrosomal vesicles (Fig. 7) . Overall, Cul3 and Cul4 exhibited a mostly similar expression pattern in crab testis.
Transcription and Protein Level of P53 Are Enriched in Primary Spermatocytes
Spermatogenesis is regulated by intrinsic and extrinsic factors. Not all spermatogonia mature into spermatozoa-most are eliminated and phagocytosed via apoptosis [24] -and the stabilization of p53 has been studied extensively in the context of damaged DNA response and oncogenic stress. To determine if Cul4 serves as a universal mechanism to regulate the level of p53 during spermatogenesis, we sought to determine the expression of p53 in the mitten crab. Both the mRNA and the protein of p53 were specifically expressed in testis (Fig. 4) . P53 was first detected at the spermatogonium stage (June) and started to increase (Supplemental Fig. S6 ), reaching peak levels in primary spermatocytes (August). Although the expression levels of P53 declined somewhat, however, they remained elevated in the sperm stage (December). Indeed, consistent with our results, previous studies had reported that the p53 was highly expressed in the testis, especially in primary spermatocytes in many other species, including mouse and rat [28, 30, 31] .
Posttranscriptional Regulation of Cell Cycle Proteins p53, PCNA, p21, and p27
The CDK inhibitor p21 has a central role as an effector of cell cycle arrest and is transactivated by the p53 tumor suppressor protein in response to DNA damage [56] . Kim et al. [57] showed that ubiquitination of p21 by CRL4 was dependent on p21 binding to PCNA, and its expression was a useful marker of cell proliferation in normal tissues [58, 59] . To further characterize the relationship between p53 and Cullins, we used the proliferation marker (PCNA) to investigate the role of Cullins in regulating spermatogenesis. Different tissues lysates were immunoblotted with specific antibodies (PCNA, P21, and P27) to identify proteins, as in Figure 4 . PCNA expression was extensive in the testis and stomach. The expression patterns of Cul3, Cul4, and PCNA proteins were similarly tissue specific: all of them were intensely expressed in the testis. The expression of p53 was dramatically different from that of p21 or p27 (Fig. 4) . Indeed, p53 was moderately or intensely expressed in testis, but no or weak signals were detected in other tissues. P21 and p27 had similar expression patterns: signals were detected in the heart, eye, muscle, and testis (Fig. 4) .
To further investigate the relevant mechanisms of the Cullins during spermatogenesis, studies were performed using different developmental stages of male germ cells. Surprisingly, the same patterns were observed for Cul3, Cul4, PCNA, and p53, revealing significantly high levels of posttranscription in primary spermatocyte (August), whereas these proteins were severely reduced during the development and maturation of testis (Fig. 5) . A PCNA antibody specific for cyclin was used in IF studies, which showed that PCNA was significantly expressed in the nuclei of spermatogonia and in early phase primary spermatocytes regardless of the stage of the seminiferous tubules. The existence of PCNA in these cells agreed with a previous study [60] (Fig. 8) . Intense p21 and p27 signals were found in August, when the testis develop rapidly (the primary spermatocytes stage) (Fig. 5 ), but were weakly expressed in other developmental stages, except in January (sperm stage) for p27. These observations suggested the existence of a complex network of posttranscriptional and posttranslational regulatory mechanisms to regulate the balance of spermatogenesis. 
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MLN4924 Causes Accumulation of CRL Substrates In Vitro
Recent studies showed that MLN4924 was a potent inhibitor of Cullin neddylation, causing inactivation of CRL E3 ligase and the accumulation of a number of its substrates [4, 8, 36] . Cultured cells derived from testis tissue fragments from July showed spermatogonia or early phase primary spermatocytes (Fig. 8D ) in which the chromosomes were distributed evenly; cells derived from October showed early stage spermatid morphology (Fig. 8E) and were ready to form the nuclear cup (Fig. 8E, inset) . Therefore, germ cells from July were cultured for MLN4924 treatment to investigate its effect on the regulatory mechanism of spermatogenesis in vitro.
Although cells transiently treated with MLN4924 undergo DNA rereplication and cell death [4] , serially culturing them in the presence of 1 lM of the molecule over 4 wk resulted in largely unaffected cells. To compare the sensitivity of testicular germ cells to MLN4924 quantitatively, cell viability assays were performed with increasing concentrations of MLN4924. However, 3 lM of MLN4924 caused significant germ cell death (data not shown). To test the effects of MLN4924 in male mitten crab germ cells, we measured the levels of proteins that are known to be substrates of CRL E3 ligases and that are involved in the regulation of cell cycle progression (e.g., p21 and p27). MLN4924 treatment (1 lM) caused the levels of the cell cycle regulator p21 to increase substantially after 36 and 48 h compared with the dimethyl sulfoxide (DMSO) vehicle control, and p27 accumulation was observed prominently after 24 and 36 h (Fig. 9) . Collectively, these results showed that MLN4924 effectively inhibited Cullin neddylation and promoted the accumulation of p21 and p27, and the schematic presentation of neddylation showed CRL4-mediated ubiquitination and potential points of targeting in spermatogenesis of E. sinensis (Fig. 10, A and B) . Cullin4 regulates the ubiquitination of many substrates by assembling them into multiple distinct E3 ligases.
DISCUSSION
CRL E3s play a fundamental role in regulating various biological processes, including cell cycle progression, gene transcription, signal transduction, DNA replication and repair, or gene expression regulation [8, [61] [62] [63] . Consequently, CRL E3s are anticipated to play an essential role in the spermatogenesis of testis, particularly during meiotic germ cell division. Spermatogenesis is a complex and highly orchestrated process [24, 64] . The study described here demonstrated that the evolutionarily conserved Cullin family of E. sinensis, especially Cul4, might play an essential role in the testis, particularly during meiotic germ cell division.
Four novel members of the Cullin family of E. sinensis were identified in this study, which were similar to the Cul4 protein structure reported in our previous study [44] . Each protein comprised an evolutionarily conserved Cullin homology domain (CH domain with ;150 amino acids) and a key lysine residue for targeted NEDD8 modification at the C-terminus (Fig. 1A) . In the genome structural analyses of the five Cullin family numbers (Fig. 1B) , each contained different numbers of exons, ranging from 9 to 18. The numbers of exons encoding the same Cullin isoform from different species were also different. For example, for Cul1, D. melanogaster requires six exons (transcript variant A, NT_033778.3, GenBank database) [65] , E. sinensis needs 18 exons, and Homo sapiens needs 22 exons (NM_003592.2, GenBank database) [66] . The results indicated that despite the same Cullin isoforms in different species being orthologous, after a long period of evolution, each species had evolved specific gene structures as a result of genome recombination and other mechanisms.
In our phylogenetic analysis, the connections generally agreed well with previous results (Fig. 2) . For example, the sister relationships among Cul3 and Cul4 genes in animals have been noted previously [67, 68] . By contrast, the Cul1, Cul2, and Cul5 genes formed another clade and were derived from the ancestral Cula gene, which was present before the unikont/bikont split [67] . The topology of the phylogenetic tree also showed that Cullins could be classified into five main orthologous groups: Cul1-Cul5. These results indicated that Cullin family genes were ancient and originated before the separation of the different species lineages. Additionally, the phylogenetic analysis was significant for subsequent comparisons of the functional results for Cullin family members between E. sinensis and other model species. WANG ET AL.
The Chinese mitten crab Cullins are evolutionally conserved, with a similar tissue expression pattern. Note that both Cul3 and Cul4 were highly expressed in ovary (Fig. 3A) , possibly because they were involved in regulating mitotic progression and oocyte survival [69, 70] . Meanwhile, in our study, Cul4 was observed to be significantly enriched in testis tissue relative to other members of Cullin family. Expression quantification by qRT-PCR suggested that the transcript levels of all Cullins increased dramatically in July and August (Fig.  3B) , when the testis develop rapidly, and the seminiferous tubules have numerous germ cells involved in a series of cell phases and divisions by which the diploid spermatogonial cells develop into primary spermatocytes via mitosis. Previous studies have demonstrated prominent seasonal fluctuations in the reproductive cycle of E. sinensis, whose testis comprise numerous, highly coiled seminiferous tubules [45] . Testicular development and staging are generally based on the relative proportions of germ cells and the months of the year, as each seminiferous tubule will be at a different stage of development (Supplemental Fig. S5A ).
Cul3 and Cul4 were expressed abundantly in the primary spermatocytes (August), and similar expression and localization patterns in the testis of Cul3 and Cul4 (Figs. 5-7 ) indicated a conserved role for Cul3 and Cul4 in mitten crab spermatocytes. The elevated expression of both the mRNA and the proteins in the sperm stage suggested that they might mediate protein ubiquitination during spermiogenesis [71] . The phenomenon of temporal differences of RNA expression without protein translation at the spermatogonium stage could be due to delayed translation [72, 73] . The Cullin family members are highly conserved across species, both in sequence and in function, although it remains possible that Cul3 and Cul4 have similar or distinct functions outside of the Cullin family. Such putative functions are, as yet, poorly defined and will not be included in 
CRL4 REGULATES MEIOTIC PROGRESSION IN CRABS
our discussion below. The study described here mainly clarified the regulatory mechanism of Cul4 in spermatogenesis and demonstrated that Cul4 provides an essential function in early testicular development of E. sinensis.
PCNA is a well-known, highly conserved 36-kDa nuclear protein that is associated with DNA replication and is expressed variably at different stages of the cell cycle, with a maximum in the S phase [74] [75] [76] . Thus, PCNA is considered a useful maker of cell proliferation [77] . PCNA has been used extensively in the identification of proliferating spermatogonia and spermatocytes in a number of species, notably humans, rhesus and cynomolgus monkeys, and rat [78] [79] [80] . Using a monoclonal antibody against PCNA, protein levels and immunolocalization of PCNA within the seminiferous tubules of E. sinensis were determined to provide a useful endogenous molecular marker of mitotic germinal epithelial proliferation during annual discontinuous spermatogenesis [81] . We found that in E. sinensis testis, PCNA immunopositivity was abundant in the nucleus of primary spermatocytes during August (Fig. 8) , at which time spermatogonia start to undergo many mitotic divisions before the initiation of meiosis, thereby giving rise to primary spermatocytes. PCNA expression was low or absent during the sperm stage (from November to January). The higher percentage of PCNA staining, as well as the labeling of primary spermatocytes, corresponds with results in bovine [82] , rodent and primate [79] , and human [78] testes.
An increasing body of evidence indicates that CRLs regulate diverse cellular processes, including multiple aspects of the cell cycle, transcription, signal transduction, and development [8] . The Cul4 gene has been conserved during evolution from fission yeast to humans. While D. melanogaster and C. elegans encode a single Cul4 gene, mammalian cells express two Cul4 paralogs: Cul4A and Cul4B [5, [83] [84] [85] . We had previously determined that there was only one Cul4 gene in E. sinensis [44] . In the present study, we quantified the expression of Cul4, and remarkably enhanced Cul4 levels were observed in the cytoplasm of primary spermatocytes (Fig. 6B) . Cul4 silencing by RNAi in C. elegans results in DNA rereplication in blast cells and premature spermatogenesis in male germ cells [20] . CUL4A was detected predominantly in primary spermatocytes in the pachytene/diplotene stage, and germ line deletion of Cul4A led to male infertility [21, 22] . How exactly the E3 ubiquitin ligase component Cul4 participates in spermatogenesis in E. sinensis is unclear; however, mounting evidence indicates a role of Cul4 in the assembly of the protein complexes involved in germ cell quality control. Transcriptional and posttranscriptional activity of p53 was elevated in the highly proliferating testicular tissue in August (primary spermatocytes) (Supplemental Fig. S6; Fig.  4 ). The tumor suppressor gene p53, also known as the guardian of the cell cycle, is expressed in germ cells, especially in the tetraploid primary spermatocytes [30, 31] , and is associated with meiotic cell cycle progression and recombination repair [86] . The level of p53 is controlled primarily by ubiquitindependent proteolysis [87, 88] , and previous studies have suggested that Cul4A is involved in the MDM2-mediated 
proteolysis of p53 [89, 90] . It is possible that p53-mediated spontaneous germ cell apoptosis acts as a quality control mechanism to eliminate defective germ cells and that the Cul4 complex maintains p53 homeostasis in primary spermatocytes, thus maintaining male fertility. Spontaneous germ cell apoptosis has been previously shown to occur in diploid spermatogonia [91] [92] [93] , tetraploid/primary spermatocytes, and haploid spermatids [94, 95] .
Interestingly, Cul4 and the cell cycle proteins p21, p27, p53, and PCNA show very similar expression pattern and intensities in the different development stages of the testis in E. sinensis. They are all expressed intensely in the primary spermatocyte stage (August) and decrease gradually during the sperm stage, except for p27 (Fig. 5) . The CDK inhibitor p21 has a central role as an effector of cell cycle arrest and is transactivated by the p53 tumor suppressor protein in response to DNA damage [56] . Previously, p21 was shown to bind PCNA, and this interaction was suggested as a mechanism to inactivate PCNA after DNA damage [96] . The PCNA-p21 interaction promotes the targeting of DNA repair proteins to sites of DNA damage [57, 97, 98] . Our results suggested that the interaction of PCNA and p21 during spermatocyte phase promotes p21 degradation to allow the proper temporal regulation of DNA replication licensing. From an evolutionary perspective, it is striking that the CRL4 complex has been conserved as a master regulator of DNA replication licensing or sperm quality control and further indicates that during spermatogenesis, p53 induces cell cycle arrest to allow DNA meiotic reshuffling and to correct DNA damage.
All of the Cullins evaluated so far can be modified by the covalent attachment of the ubiquitin-like protein NEDD8 to a conserved Lys residue in the Cullin-homology domain (Fig.  1A ) [99] . Cullins from different organisms share similar mechanisms to assemble a multisubunit complex to ubiquitinate specific substrate protein [63] . As a potential anticancer drug, MLN4924 was discovered to inhibit NAE activity; block Cullin neddylation, causing the subsequent accumulation of several key regulatory substrates of CRLs; induce rereplication; and induce cell apoptosis [4] . Various CRL substrates accumulate on MLN4924 treatment, including Cdt1, p27, NRF2, CDT1, cyclin E, and p21 [4, 36, 100] . Until now, no continuous cell line from a marine crustacean has been established [101, 102] . In our previous study, we established a finite cell line using testicular tissues of the crab E. sinensis [45] . In this article, we investigated the consequences of NAE inhibition with MLN4924 on the testicular tissues cells in July (spermatogonium stage). The staining results of germ cells (Fig. 8D, inset) showed a uniform distribution of chromosomes in the nucleus. The germ cells in October showed the early stage of spermatid morphology, where they were ready to form the nuclear cup. During the treatment, p21 and p27, two CRL substrates, accumulated notably (Fig. 9) , further indicating the efficient inactivation of CRL by MLN4924. MLN4924 significantly inhibited Cullin neddylation and inactivated CRL activity, leading to the accumulation of CRL substrates (p21 and p27) (Fig. 10B) .
The studies described here demonstrated that the Cullin family was widespread and evolutionarily conserved. We also showed that Cul4 contributes an essential function for early testis development involving a sophisticated regulatory mechanism in spermatogenesis of E. sinensis. Nearly all of the studied genes are expressed predominantly in primary spermatocytes, thus providing a possible role in early stages of sperm development and the regulation of proliferation and progression through meiosis. Cullin4 proteins from different organisms share similar mechanisms for assembling a multisubunit complex to ubiquitinate specific substrate protein [63] . Further study will be required to determine the details of Cul4's function in spermatogenesis and fertilization and to investigate the mechanism by which Cul3 is required for early testis development and whether there is a compensatory mechanism between Cul3 and Cul4.
